Studies of substrate oxidation by cultured skin fibroblasts from an infant (CC) with severe recurrent episodes of ketoacidosis showed normal rates of oxidation of propionate (CC 55. ± 8 versus control 65 ± 13 pjumoles/mg protein/hr), and succinate (73. ± 16 versus 45 ± 8 ^^moles/mg protein/hr).
Studies of substrate oxidation by cultured skin fibroblasts from an infant (CC) with severe recurrent episodes of ketoacidosis showed normal rates of oxidation of propionate (CC 55. ± 8 versus control 65 ± 13 pjumoles/mg protein/hr), and succinate (73. ± 16 versus 45 ± 8 ^^moles/mg protein/hr).
In contrast, both oxidation and uptake of glucose by these cells were decreased in comparison with controls. Essentially neither glucose-6-l4 C nor glycerol-Ul4 C was converted to 14 CO 2 by fibroblasts of the patient, and glucose- [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C was oxidized at 45-65% of control rates. In the absence of glucose, oxidation of pyruvate-2-14 C did not differ from that of normal controls (710 versus 940 /j/zmoles/mg protein/hr). In the presence of 2.5 mM glucose, however, fibroblasts of the patient did not show the expected decrease in pyruvate-2-14 C oxidation whereas control cells showed a fourfold decrease. Studies of glucose uptake demonstrated that with glucose as the only substrate extended incubation periods of 12-18 hr were necessary before the cells of the patient began to utilize measurable quantities of glucose.
The results of the metabolic studies in skin fibroblasts, when viewed in conjunction with the clinical manifestations and laboratory studies, have excluded the known causes of infantile ketoacidosis. The data reported indicate a correlation of this form of ketoacidosis with a block in the terminal pathway of glycolysis.
Introduction
An infant was recently described with persistent ketonuria and recurrent episodes of severe ketoacidosis lasting 3-4 days, precipitated by stress such as dehydration or infection or by dietary protein [3, 4] , He improved dramatically after 72-96 hr of parenteral fluid therapy consisting of glucose and alkali (Fig. 1) . Although his clinical course was superficially similar to that of patients with methylmalonic acidemia [8, 13, 16, 19] and 519 ketotic glycinemia [1, 2, 13] , the patient was not retarded in any way; he had a normal hemogram and did not excrete long-chain ketones in his urine. Instead, analysis of both blood and urine revealed large amounts of /J-hydroxybutyrate and acetoacetate, normal glycine levels, and absence of methylmalonate. Therefore, he represented a new metabolic defect that required definition.
The purpose of this report is to describe metabolic studies of cultured skin fibroblasts which, in conjunction with the clinical findings, exclude known syndromes of ketosis and suggest a block in glycolysis which appears to be correlated with a persistent ketosis and an intermittent ketoacidosis.
Materials and Methods
Skin fibroblasts were grown from a punch biopsy specimen [30] obtained 5 weeks prior to the death of the patient. The cells were maintained in culture in 8-ounce bottles in minimal essential medium [27] with added glutamine (1.8 HIM), penicillin (56 ^g/ml), streptomycin (90 j^g/ml), and fetal calf serum (10%) [31] . Control cell lines were obtained from the foreskins of normal infants and no significant metabolic differences were observed among the four cell lines used. All cells were grown directly in 25-ml tissue culture reaction flasks [28] and were used 4-8 days after replating. Tests for contamination by bacteria or Mycoplasma were negative [31] .
For the metabolic studies, the medium was decanted and the adherent cell layer was rinsed twice with warm Krebs-Ringer-phosphate buffer. Two milliliters of the same buffer with or without glucose (2.5 HIM) were then added and each flask was cajsped with a soft rubber stopper with an attached plastic center well [28] containing fluted filter papers [24] . Radiolabeled 14 C substrates, 1.0 /xCi/flask [29] , were used without further purification. Incubations were done at 37° in a Dubnoff metabolic shaker for 2 hr, except when noted otherwise.
At the end of the incubation period, 0.3 ml 20% trichloroacetic acid (TCA) was injected into the flask to kill the cells and to volatilize the CO 2 , which was trapped in the center well containing 0.2 ml 5 N KOH added at the same time. After 60-min equlibration in the cold, the caps were removed and the center well including its contents was placed into 12 ml dioxane base scintillation fluid for counting. Efficiencies, determined by the channels ratio technique, ranged from 40-80%. Nonspecific or background radioactivity was The initial episode of ketoacidosis in patient CC is summarized illustrating changes in blood and mine pH with time and alkali therapy. The rapid correction of the abnormal values at 84 hr was followed by rapid clearing of urinary ketones beginning 12 hr later and by an abrupt improvement in his clinical and mental status [3, 4] .
corrected by values obtained using flasks to which TCA had been added before the substrate, or which had been autoclaved before the incubation. Results were expressed as micromicromoles of substrate converted to CO 2 per milligram of protein per hour. Since corrections were not made for quenching by the KOH which was constant for all of the experiments, the values reported should not be considered as absolute. In this system 14 CO 2 production was linear for a sixfold range in protein concentration (0.06-0.36 mg protein/flask) and for incubation periods of 2-5 hr. Although the cell line of the patient required more time to reach confluency or a given protein concentration than did the control lines, the oxidation rates for a given substrate were similar in cells which had been replated for 3-8 days. Since no attempt was made to measure and correct for intracellular substrate pools, these results represented minimal values.
Glucose utilization experiments were done in a similar manner, except that sterilized rubber stoppers were used to cap the flasks. At timed intervals, 0.2 ml supernatant reaction mixture was removed and precipitated to prepare a Somogyi filtrate [23] . Glucose was measured using a glucose oxidase method [12] ; lactate was measured enzymatically by dye reduction using diaphorase as a coupler [6] . Protein was determined by the method of Lowry et al. [11] on the total reaction mixture following brief sonication to ensure complete suspension of the cell protein. Since no transfer of cells was necessary either before or after incubation, this ensured accurate determinations of protein. 
Results
The oxidation of 0.05 mM concentrations of propionate-l-
14
G and succinate-l,4-
C was 55 ± 8 and 73 ± 16 ^moles/nig/hr, respectively, in (CC) fibroblasts of the patient and 65 ± 13 and 45 ± 8.0 /^moles/ mg/hr, respectively, in control cells (Fig. 2) . These oxidation rates were comparable to those reported by others when estimated corrections for substrate concentrations are made [15, 20, 21] . The results indicate that the oxidation rates of propionate and succinate were essentially the same in cells from the patient (CC) and in control cells.
In contrast, the rates of glucose and glycerol oxidation by cells from the patient were strikingly different from the rates of oxidation of these substrates by control cells. The oxidation of glucose-U- 14 C was significantly less in patient cells than that in control lines (155 ± 40 versus 500 ± 100 ^moles/mg/hr, P < 0.005) (Fig. 3) , and carbon-specific labeled glucose at either 0.1 or 2.6 niM final glucose concentrations demonstrated even more striking differences between these cells. Whereas the incorporation of label into CO 2 from glucose-C-1 was 45-65% of the control, there was essentially no CO 2 produced from glucose-C-6 by cells of the patient (Fig. 3) . Similarly, glycerol-U- 14 C was not metabolized to 14 CO 2 by patient cells, but in control cells the rate of oxidation of this substrate was 12.6 ± 1.9 /^moles/ mg/hr in the absence of added glucose and 6.2 ± 1.1 /i/imoles/mg/hr in the presence of 2.5 mM glucose, respectively (Fig. 3) . The rate of pyruvate oxidation by patient cells was not significantly different from the oxidation of this substrate by control cells in the absence of glucose. The addition of unlabeled glucose to the reaction mixture resulted in a decrease in the oxidation of pyruvate-2-
C by control cells from 910 ± 110 to 210 ± 45 ^umoles/mg/hr (P < 0.001) but not by patient cells (710 versus 590 ju/imoles/mg/hr) (Fig.  3) .
Studies of glucose utilization over prolonged periods of incubation revealed striking differences between the fibroblasts from the patient and the controls. During the first 18 hr, the control cells removed 50% of the substrate glucose, whereas the patient cells showed essentially no glucose consumption. Thereafter, glucose was rapidly utilized by cells from the patient (Fig. 4) .
The concentration of lactate measured in a similar experiment was 9.1, 5.3, and 2.42 /xmoles/mg protein at 12, 18, and 23 hr in flasks with control cells, respectively. The amount with patient cells was 2.9, 0.9, and 0.0 ^mole/mg protein for comparable periods. The lactate produced by patient cells was always 20-33% the amount produced by the control cells and this difference in the initial lactate production by the patient C suggest an altered metabolism between glyceraldehyde-3-phosphate and pyruvate in the patient fibroblasts.
Discussion
Recurrent infantile ketoacidosis is an uncommon phenomenon usually associated with a specific defect in metabolism, e.g., glycogen storage disease type I [16], diabetes mellitus [16] , methylmalonic acidemia [5, 8, 13, 19] , or ketotic glycinemia [1, 2, 13] . In glycogen storage disease and diabetes mellitus, the values for blood glucose are abnormal. In our patient, the levels were always within normal ranges [4] , As with patient CC, the clinical course of infants with methylmalonic acidemia and ketotic glycinemia is characterized by severe ketoacidosis, vomiting, lethargy, and flaccidity, which are aggravated by dietary protein and stress [13] . In addition, however, long-chain ketones are present in the urine of patients with these metabolic abnormalities [17] , and there is an intolerance to methionine, threonine, isoleucine, and valine in both conditions [1, 8, 13] and a specific intolerance to leucine in ketotic glycinemia [1, 19] . Our patient showed neither the degree of developmental failure nor the neutropenia and the thrombocytopenia reported in these conditions. The ketones excreted in his urine were /?-hydroxybutyrate, acetone, and acetoacetic acid, compounds which are usually associated with starvation. Thus, the illness manifested by this infant differed clinically from the reported syndromes of infantile ketoacidosis [3, 4] .
Our studies of skin fibroblasts obtained from the patient and from control infants provided additional data which indicate that the metabolic defect of the patient has not been previously described. Propionate oxidation is defective in white cells [8] and skin fibroblasts [15, 20, 21] of patients with ketotic glycinemia and methylmalonic acidemia. Skin fibroblasts from our patient oxidized this substrate at a rate comparable to that of normal cells, thus excluding these two disorders. Studies of methylmalonyl-CoA isomerase metabolism by liver tissue of the patient obtained postmortem also confirmed that his disease was not methylmalonic acidemia [4] .
Clinical ketosis may be a result of either overproduction [10, 18] or underutilization [10] of ketones or both. The oxidation of acetoacetate by a muscle mince [3, 4] at rates comparable to that of control muscles indicated that there had not been a complete elimination of ketone metabolism. This result, coupled with the brisk ketogenic response seen clinically, suggests an intact fatty acid catabolic pathway. It does not, however, provide information on the maximal activity of the ketone-utilizing systems operative in vivo.
In most clinical situations accompanied by ketosis there is deprivation of carbohydrate, either absolutely (starvation) or relatively (diabetes mellitus, glycogenosis I) [5, 10, 18] . In patient fibroblasts, the lack of glucose utilization as well as the lack of incorporation of glucose-6-14 C into 14 CO 2 implied an inhibition of glucose metabolism. A similar reduction in glycerol-U- 14 C oxidation compared with the normal pyruvate-2-14 C to 14 CO 2 conversion suggested that this inhibition exists between glyceraldehyde 3-phosphate and pyruvate. Further support for this hypothesis was the lack of suppression of pyruvate-2-14 C oxidation in the patient cells by added unlabeled glucose. The reduced glucose uptake by the patient cells during a 12-to 18-hr incubation was also cogent evidence for the proposed hypothesis. The oxidation of glucose-l- 14 C by patient cells at a rate 45-65% of control cells would all but rule out an alteration in permeability or transport as being the primary cause of the reduced oxidation of the glucose labeled on the sixth carbon.
The results of the metabolic investigation in cells derived from a patient with an abnormal propensity to develop ketoacidosis reemphasize that normal glycolysis is important in the consumption of ketones peripherally [9] . Others have suggested that the pyruvate supply and the rate of fatty acid oxidation greatly affect intracellular distribution of citric acid cycle intermediates and thereby alters the course of intermediary metabolism [10, 18, 22, 26] . Physiologic observations of human starvation ketosis [17] have not yet clarified the control mechanisms involved in this process [10, 17, 18] . The apparent correlation between inhibited glycolysis in the fibroblasts and malregulation of ketone production and/or utilization in this child requires an evaluation of substrate requirements and enzyme patterns in various tissues. Recent studies have indicated the possibility of pyruvate kinase activation and inhibition as regulatory mechanisms of glycolysis [1, 25] and preliminary experiments have shown a reduction in several glycolytic enzyme activities in muscle and fibroblasts from our patient [7] . These studies will be the subject of a later communication. vate, succinate, and propionate did not differ from that of control cell lines. When examined in conjunction with the clinical course, these studies excluded the known syndromes of infantile ketoacidosis. These find- 17- ings suggest that the ketosis might be associated with inhibition in glycolysis.
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